Sepsis is the most common morbidity in preterm infants, who often receive total parenteral nutrition (TPN). We hypothesized that gut barrier function is compromised in TPNfed compared to enterally fed newborn piglets. Colostrum-deprived, newborn pigs were implanted with jugular venous and bladder catheters under general anesthesia. Pigs were either administered TPN (n=15) or fed formula (ENT, n=15). After 6 d, pigs were gavaged a solution of mannitol, lactulose, and polyethylene glycol-4000 (PEG 4000) and urine was collected for 24 h. At 7 d, small bowel samples were assayed for myeloperoxidase (MPO) activity, morphometry, and tight junction (TJ) protein abundance. Intestinal contents and peripheral organ sites were cultured for bacteria. Urinary recovery (%dose) of mannitol (53 vs. 68) was lower, whereas that of lactulose (2.93 vs. 0.18) and PEG4000 (12.78 vs. 0.96) were higher in TPN versus ENT pigs (p<0.05). The incidence of translocation was similar in TPN and ENT pigs. MPO activity was increased in TPN versus ENT pigs in the jejunum (p<0.001) and was weakly correlated with lactulose (R 2 =0.32) and PEG 4000 (R 2 =0.38) recovery. Goblet cell (GC) counts did not change, but intraepithelial lymphocyte numbers decreased with TPN. Only claudin-1 protein abundance was increased in the TPN group. We conclude that TPN is associated with impairment of neonatal gut barrier function as measure by permeability, but not translocation.
INTRODUCTION
Late-onset sepsis (LOS) is the number one morbidity in the neonatal infants. Many factors have been implicated in the increased incidence of infection in preterm infants, especially total parenteral nutrition (TPN) (32) . The risk factors associated with TPN that may increase the incidence of LOS in neonates are multifactorial, and include the presence of central venous catheters, very (<1500 g) low birthweight, and mechanical ventilation. However, TPN results in deprivation of luminal nutrition that also adversely affects the mucosal integrity and may compromise barrier function of the neonatal gut resulting in a phenomenon described as "gutderived" sepsis. Gut-derived sepsis results, in part, from deterioration in the mucosal epithelial barrier and subsequent translocation of luminal bacteria and toxins into the blood (4) .
Studies have shown that gut mucosal atrophy occurs in the absence of total or partial (<60% total caloric intake) enteral nutrition in neonatal and adults animals (6, 33) and, to a lesser extent, in human infants (44) . TPN-induced mucosal atrophy is characterized by morphological changes, such as reduced villus height and mucosal surface area, that are secondary to decreased crypt cell proliferation and protein synthesis and to increased apoptosis (7) . TPN not only reduces the population of enterocytes, but also has been associated with expansion of mucosal goblet cells and some lymphocyte subtypes (11, 30) . Furthermore, newborn (11, 19) and adult (17) animal studies indicate that TPN-induced activation of lymphocytes may induce mucosal inflammation, based on increased ICAM-1 expression and myeloperoxidase activity. Studies in TPN-fed mice demonstrated that increased expression of the proinflammatory cytokine, interferon-(INF-), in activated intraepithelial lymphocytes (IELs) is linked to increased apoptosis and may contribute to the breakdown of epithelial barrier integrity (26, 63) .
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Parenteral nutrition appears to negatively impact another measure of gut barrier function, paracellular permeability. Permeability has long been considered an indicator of gut dysfunction in many disease states, from trauma and burns to malnutrition (59) to inflammatory bowel disease (IBD) (43) . Cell monolayer experiments have shown increased permeability when exposed to INF- (35) . A study in adult rats noted a concomitant increase in in vitro intestinal permeability as well as bacterial translocation in TPN fed animals (12) . Cell culture experiments and adult clinical studies have also supported this finding of increased permeability in critically ill patients on TPN (20, 35) .
As far as the authors are aware, a cellular mechanism for the increase in intestinal permeability during TPN has not been completely elucidated, especially in the newborn. A potential explanation can be a breakdown in TJ integrity. Tight junctions are a group of proteins intimately involved in intercellular adhesion. Patients with IBD, known to have increased permeability, have also been found to have down-regulation of TJ proteins, particularly occludin (29) . 
MATERIALS AND METHODS

Animals
The study protocol was approved by the Animal Care and Use Committee of Baylor College They were housed, fed, and kept under surveillance in the animal facility at the Children's Nutrition Research Center (Houston, TX) until delivery.
The sow delivered the piglets vaginally. Remote video cameras were used to monitor the sows around the clock, allowing collection of the piglets prior to suckling. The newborn piglets were kept in heated cages and fed only water until surgery.
Study Design
Surgical Procedure Figure 1 illustrates an overview of the study. Preoperatively, each animal received only one systemic dose of enrofloxacin (2.5 mg•kg -1 ; Bayer, Shawnee Mission, KS). We gave only one dose to prevent confounding of culture data, although previous studies indicate that systemic antibiotics affects intestinal microflora minimally (23, 24, 31 These markers were dissolved in sterile water to make a 10 mL•kg -1 solution, which was filtered through a 0.2 micron filter (Nalgene Filtration Products, Nalge Nunc International, Rochester, NY) prior to administration. Mannitol is absorbed via the transcellular route, while lactulose and PEG are markers of paracellular permeability. We administered mannitol to control for a potential concern of delayed gastric emptying in the TPN piglets. Baseline urine samples were obtained prior to administering the marker solution. Subsequent urine samples were collected at Time 3, 6, 12, and 24 hours. Specifically, the urine was collected via the implanted catheters, which were allowed to empty by gravity into a beaker kept on the floor at a level below that of the pig. Total collection the urine was obtained during each interval.
The urine was analyzed as previously described (8, 46) . In brief, the urine is centrifuged in a 1.5 mL microcentrifuge tube at 3,000 rpm for 5 min. A 20 µL aliquot of the urine is injected onto an Aminex HPX 87C 300 7.8 mm cation-exchange column protected with a precolumn of BioRad Deashing system (BioRad Laboratories, Richmond, CA) and eluted with degassed pure water at a flow rate of 0.6 mL•min -1 at 85°C. The column effluent is monitored with a differential refractometer (Millipore Corporation, Medford, MA) with the sensitivity setting at 128, scale factor at 25, and internal temperature at 50 0 C. The column is calibrated using PEG-4000, lactulose, and mannitol as standards. The coefficient of variation with this method is < 5%. conditions. Further identification (species) of isolates was done by api biochemical Test Kits (bioMerieux, Inc., Hazelwood, MO).
Myeloperoxidase Activity
As an indicator of inflammation we assayed tissue myeloperoxidase activity using a 
Intestinal Morphology and Cell Counts
The small bowel was measured for wet weight and length after cold saline rinse to remove intestinal contents upon collection. Sections were placed in 10% formalin for histology. Further assessment of villous height and area and crypt depth were made on 5 µm, hematoxylin and eosin (H & E) stained sections using standard light microscopy (Axiophot, Carl Zeiss Inc., Werk
Göttingen, Germany) and NIH Image software, version 1.60 (National Institutes of Health, Bethesda, MD). Ten well formed villi from each sample were used for analysis. A blinded observer counted intraepithelial lymphocytes and GC counts morphologically on H & E stained sections using a high power objective.
Tight Junction Protein Abundance
One gram of pulverized tissue was homogenized in 2 mLs of buffer (50 mM HEPES, 150 mM NaCl, 5 mM NaEDTA) and protease inhibitor "cocktail" (Bacitracin (2 mg• ). Homogenate was centrifuged at 8,000 g (10,000 rpm) for 10 min at 4°C. Supernatant was removed and centrifuged at 100,000 g (39,000 rpm) for 30-45 min at 4°C. Supernatant was discarded and membrane pellet was resuspended in buffer + 1% triton X-100 (2 mL). The pellet was homogenized and solublized for 24 h with gentle rocking at 4°C. 
Statistical Analyses
One-way ANOVA was used for all normally distributed data comparisons and -square (for BT)
for non-parametric data. Pearson correlations were used when indicated. All data shown are mean±SEM, unless otherwise stated. Statistical significance was determined to be p<0.05.
Statistical calculations were carried out using Minitab v.13.32 (Minitab, Inc., State College, PA).
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RESULTS
Pig body growth and urine output
There was no difference in birthweight ( ENT).
Gut morphometry and cell counts (Tables 1 & 2)
In the jejunum, wet weight (g•kg BW -1 ), villus height (µm) and area (µm 2 ) were significantly reduced in the TPN group when compared with the enterally fed controls. Total protein content (mg) and DNA content (mg), expressed in absolute amounts as body weights were similar, were decreased in the TPN piglets. Crypt depth (µm) was similar in both treatment groups.
Ileal measurements follow a similar trend. Wet weight, protein and DNA contents were less in the TPN versus enteral groups. Unlike the jejunum, no difference was noted with regards to villus height and area, and crypt depth. Cell counts were corrected for villus size differences between treatment groups. IELs showed a marked reduction in number when the animals received TPN; however, there seemed to be no effect of enteral nutrition on the number of goblet cells per villus.
Intestinal permeability (Figure 2)
As a measure of paracellular permeability, we assessed pooled 24 h urinary recovery of markers expressed as a percent of the dose recovered. Twenty-four hour collections were used to obtain adequate marker recovery. We found 75% and 88% of the total recovered amount of mannitol within 12 h in the TPN and ENT groups, implying that collecting urine beyond 24 h We assessed translocation of bacteria from the lumen of the jejunum, ileum, or cecum to peripheral sites, which included liver, spleen, mesenteric lymph nodes, and peripheral blood. We defined a translocation event as the presence of the same bacterium in both the lumen and in one or more peripheral sites. Based on our definition, we found no difference in bacterial translocation between TPN and ENT groups (62% vs. 69%). Also, we noted that a larger variety of organisms translocated in the ENT, although the prevalence of translocation did not differ.
Tight junction protein abundance (Figure 4)
Western blot analysis of gut mucosal samples, evaluated by densitometry, revealed only an increased expression of claudin-1 in the TPN group when compared with enterally fed controls.
We found no difference in the amounts of claudin-2, occludin, and ZO-1 as assessed by Western blotting. Mucosal Atrophy. Consistent with many previous studies, we have shown that TPN (i.e., the lack of enteral nutrition) leads to gut atrophy, specifically, mucosal atrophy (6, 33). The current study showed notable decreases in jejunal mass (34.8%), villus height (44.4%), and villus area (56.1%) of parenterally fed piglets when compared to controls. However, in the ileum, only tissue mass (33.9%), protein and DNA content were reduced by TPN, whereas villus height and area were unaffected. These findings are not necessarily novel and highlight the fact that the proximal mucosa is more susceptible to lack of enteral nutrients than the distal gut (33) .
Intestinal permeability. This study was designed to examine, in breadth, neonatal gut In the present study, both paracellular permeability and bacterial translocation (see below) were measured. As expected, we found an increased urinary recovery of the paracellular markers, lactulose and PEG 4000, in piglets fed parenterally. The improved recovery with the enterally fed gut was similar to that of a 4-week-old pig, having very little marker being absorbed from the bowel lumen (60) . These previous studies in pigs and those in humans (46) have shown that intestinal permeability is high at birth and declines with advancing postnatal age. The relative amount of PEG 4000 recovered compared to lactulose was greater, which may be due to a larger dose of PEG 4000 and the molecular structure of PEG 4000. Although having an average molecular weight of 4000 kD, the shape of a PEG 4000 molecule is linear, as compared to a lactulose molecule, which is bulky (5, 50). Therefore, the ability for a narrow PEG molecule to pass through openings in the TJs may be greater than lactulose. Nonetheless, the pattern of recovery for the two markers was similar. We also used mannitol, a transcellular marker, to confirm paracellular marker recovery accuracy. The ratio with which they are recovered should not change, and if a change is noted, it is due to alterations in lactulose recovery (3, 58) .
The cellular mechanisms involved in the increased permeability during TPN have not been completely established, however, gut inflammation may play a role. In rodents, Fukatsu et al. (17) , found that myeloperoxidase activity was increased in animals fed TPN. Furthermore, they found an increase in intercellular adhesion molecule-1 expression in the intestinal tissue of the animals fed parenterally. Given that in the proximal small bowel we saw a significant increase in myeloperoxidase activity, which can be a surrogate for polymorphonuclear proteins (52, 53) . Thus we examined the abundance of TJ proteins to help clarify the molecular mechanism of increased paracellular permeability in neonates fed TPN.
As seen in Figure 5 , abundance was notably increased for the TJ protein, claudin-1, in the TPN group. This was an unexpected finding, given that paracellular permeability was increased in that group. Studies have demonstrated that transepithelial resistance (a measure of epithelial integrity) increases with increasing strand number, but exceptions have been noted in cell culture models (9, 10, 48) . Investigators have suggested TJ fibrils are heteropolymeric with differing claudin superfamily subtypes combining to form varying degrees of "adhesiveness" (54) . Also mentioned, TJ strands are repeatedly broken and reannealed to give the junction a However, recent studies in mice have shown that TPN decreases IEL numbers (30) .
Moreover, these changes in IELs increased INF-, which has been shown to decrease TJ integrity (27) . Previous cell culture experiments confirm this loss of integrity due to INF-and other cytokines through alterations in the TJ (36) , (57) Investigators have found that the primary site for translocation, in adult guinea pigs, is the small bowel (18) . This finding was corroborated with a significant association of small intestinal bacterial colonization and translocation in newborn rabbits (56) . Unlike the former study, the latter experiment was not designed to test parenteral versus enteral nutrition. The authors also speculated that this may explain why sepsis and necrotizing enterocolitis, an inflammatory condition strongly associated with prematurity, occur after neonates are 3-5 days of age, once the small bowel has been populated.
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Adult animal and human studies and the current newborn model confirm that these measures of gut barrier function are not strongly related (22, 40) . Furthermore, despite finding slightly over half the piglets with translocation in both groups, we did not observe any clinical signs of sepsis.
Another factor that may affect bacterial translocation is the innate immune function of the GC. As part of the innate immune system, GC alterations may impact on gut barrier integrity.
Goblet cell mucin production occurs via two processes, simple and compound exocytosis, describing baseline and enhanced secretion in response to stimuli, respectively (13) . Many factors can impact on GC number and mucin production, including changes in diet and local microflora (15, 45) . Also, TPN administration has been shown to increase jejunal sulfomucin producing GCs, a finding that is consistent with the GC population of the fetal intestine and indicative of a more bacteriostatic mucus (11) . In contrast to the previous study, we found no difference in the number of GCs between enterally and parenterally fed piglets. A possible reason for this discrepancy is because we did not specifically identify GC type based on mucin composition. Perhaps specific stains will show that the sulfomucin numbers did change despite Clostridium and epithelial dysfunction also has been demonstrated through alteration of the TJ (39) .
Perspectives. In summary, TPN administration in newborn piglets led to mucosal atrophy and increased paracellular permeability and decreased intraepithelial lymphocytes, but bacterial translocation and goblet cells were not different between the two groups as was TJ abundance.
We propose that TPN or the lack of enteral nutrition leads to impaired gut barrier function, as assessed by intestinal permeability, and that bacterial translocation and permeability are not interchangeable entities in the measurement of gut integrity. Investigators had previously shown in preterm neonates that early feeding with human milk reduces gut permeability (46) . Although the importance of human milk to premature infants cannot be overstated, not all babies are able to receive mother's milk for a variety of reasons. Therefore, beginning enteral feeding as early as possible may enhance gut barrier function, in addition to other functional improvements as previously described (38, 37, 47) . Although TPN is an important development in the care of newborns, enteral nutrition appears to offer benefits to the gut barrier and deserves further study. 
